The establishment of more effective treatments that can circumvent chemoresistance in Multiple Myeloma (MM) is a priority. Although bortezomib (BTZ) is one of the most potent proteasome inhibitors available, still possesses limitations related to dose limiting side effects. Several strategies have been developed to improve the delivery of chemotherapies to MM by targeting different moieties expressed on MM cells to nanoparticle delivery systems (NPs), which have failed mainly due to their heterogeneous expression on these cells. Our goal was to test CD38 targeted chitosan NPs as novel targeting moiety for MM to improve the potency and efficacy of BTZ in MM cells and reduce the side effects in healthy tissue. We have showed preferential BTZ release in tumor-microenvironment, specific binding to MM cells, and an improved drug cellular uptake through BTZ diffusion from the surface and endocytosed NPs, which translated in enhanced proteasome inhibition and robust cytotoxic effect on MM cells when BTZ was administered through anti-CD38 chitosan NPs. Furthermore, the anti-CD38 chitosan NPs specifically delivered therapeutic agents to MM cells improving therapeutic efficacy and reducing side effects in vivo. The anti-CD38 chitosan NPs showed low toxicity profile allowing enhancement of proteasomeinhibitory activity and specificity of BTZ by endocytosis-mediated uptake of CD38 representing a promising therapy in MM.
Introduction
Multiple Myeloma (MM) is the second most common hematologic malignancy, accounting for > 10,000 deaths annually in the USA [1, 2] . Despite development of novel drugs which improved the treatment outcomes, MM remains incurable with relatively low response rates especially in the relapsed patient population [3] [4] [5] . Current methods of MM therapy include proteasome inhibitors, immunomodulatory drugs, and monoclonal antibodies [5, 6] . Bortezomib (BTZ), the first proteasome inhibitor used in the treatment of MM, is a specific and reversible inhibitor of the proteasome, which is responsible for the degradation of intracellular proteins and contribute to the maintenance of protein homeostasis and clearance of misfolded and/or unfolded and cytotoxic proteins [7, 8] . However, BTZ induces a variety of systemic toxicities when administered to patients including vomiting, diarrhea, nausea, or constipation, lack of strength, fatigue, as well as, thrombocytopenia and peripheral neuropathy (PN) [9, 10] . In general, PN and thrombocytopenia occurs in approximately 30% of patients and are the most problematic dose limiting toxicities [9] . PN is characterized by a burning sensation, paresthesias, numbness and/or neuropathic pain, and there is a recommended dose modification for bortezomib-related neuropathy and/or neuropathic pain by the National Cancer Institute. Dose limiting thrombocytopenia is transient and reversible, and it can be generally managed with platelet transfusions without reducing or omitting doses [9, 11] .
Therefore, there is an urgent need for development of a more specific delivery of BTZ to decrease side effects in the normal tissues and increase its potency in the MM cells. BTZ has been previously loaded into nanoparticle delivery systems (NPs). Liposomes loaded with BTZ have shown to be successful to in vitro proteasome inhibition, induction of apoptosis, as well as reduced body weight loss in vivo [12] . However, this liposomal formulation showed reduced cytotoxic effects in MM cells compared to free BTZ, attributed to the kinetics of BTZ release from their NPs. Moreover, these particles were relying on passive targeting to the tumor through enhanced permeability and retention (EPR) effect, which is the tendency for NPs and other molecular agents to conglomerate more in tumor versus normal tissue [13] [14] [15] . But in addition to the unspecific nature of the EPR effect, large tumors may not display the EPR effect, thus causing for fewer NPs to accumulate in the central areas [16] . Therefore, a more specific and active targeting approach is needed.
In this paper, we loaded BTZ in crosslinked chitosan NPs conjugated with anti-CD38 monoclonal antibodies. We hypothesize that the specific targeting with anti-CD38 chitosan NPs will improve the potency and efficacy of BTZ in MM cells and reduce the side effects in healthy tissue.
Materials and methods

Materials & reagents
Unless stated otherwise, all materials were purchased from Sigma (St. Louis, MO, USA). Chitosan low molecular weight, acetic acid 99.7%, and sodium tripolyphosphate (TPP) were used for the preparation of the chitosan NPs. Alexa Fluor 633 (AF633) was purchased from Life Technologies (Carlsbad, CA, USA). Streptavidin conjugation kit (abcam, Cambridge, MA, USA), Mix-n-Stain Biotin labeling kit, and human anti-CD38 (Clone 240,742, R&D systems, Minneapolis, MN, USA) were used to prepared targeted anti-CD38 NPs.
Cells
The MM cell lines MM.1S, H929, RPMI8226, and U266 were purchased from ATCC, OPM1 and MM1s-GFP-Luc were a kind gift from Dr. Irene Ghobrial (Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA). MSP-1 cell line was developed in our lab and used as myeloma-derived stromal cell line for co-cultures [17] . Bone Marrow mononuclear cells (BM MNCs) from 5 different patient samples were purchased from Allcells (Alameda, CA). Peripheral blood mononuclear cells (PB MNCs) were isolated from pheresis leukopaks from the Siteman Cancer Center, Washington University in Saint Louis. 1× RBC Lysis Buffer was added to whole blood, gently vortex and incubated at room temperature, protected from light, for 10-15 min. Cell were washed and cultured in RPMI completed media (RPMI-1640 media (Corning CellGro, Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum (FBS, Gibco, Life technologies, Grand island, NY), 2 mmol/l of L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin (Corning CellGro)). Primary CD138 + cells were isolated from BM aspirates of MM patients from the Siteman Cancer Center, Washington University in Saint Louis, by magnetic-bead sorting, as previously described [18] . Informed consent was obtained from all patients with an approval from the Washington University Medical School IRB committee and in accord with the Declaration of Helsinki. All cells were cultured at 37°C, 5% CO 2 ; MM cells in RPMI completed media, and stromal cells in Dulbecco's Modified Eagle's Medium (DMEM, Corning CellGro) supplemented with 20% FBS, L-glutamine, penicillin, and streptomycin.
Preparation of chitosan NPs
Chitosan NPs were obtained by ionic crosslinking of a 2 mg/ml chitosan solution dissolved in 2.1% acetic acid with TPP solution (0.25-1 mg/ml). Chitosan solution was added drop-wise with a 30G needle to a TPP solution and kept with constant medium stirring for 15 min (Ratio 5:1 in volume). After NPs stabilization, the NPs were ultracentrifuged at 40.000g for 30 min at 10°C (Rotor 25.50, Avanti J-E, Beckman Coulter, Indianapolis, IN, USA). AF633-labeled chitosan polymer was elaborated for in vivo, confocal, and flow cytometry studies and used for preparation of AF633 chitosan NPs. Chitosan NPs were conjugated with streptavidin using streptavidin-conjugation kit, according to the manufacturer's instructions (100 μg streptavidin per 10 mg of NPs). Anti-CD38 monoclonal antibody was labeled with biotin using biotin labeling kit according to manufacturer's instructions (50 μg anti-CD38 antibody in biotin kit for 20-50 μg). Then, the streptavidinchitosan NPs (100 mg/ml) were mixed with the biotin-anti-CD38 (200 μg/ml) overnight at 4°C to obtain anti-CD38 targeted chitosan NPs. Moreover, chitosan NPs from the same batch without conjugation to streptavidin and biotin-antibody were used as non-targeted NPs. All NPs were ultracentrifuged at 40.000g for 30 min at 10°C for purification before were dispersed in double distilled water (DDW) for characterization of size and stability and dispersed in RPMI completed media with 10% FBS for all experiments with cells.
Characterization of size and stability of anti-CD38 chitosan NPs
The effect of TPP concentration (0.25-1 mg/ml), BTZ loading (intermediate (50 μM) and high-dose (1 mM)) and storage time (over a month) on particle size and ζ-potential (the potential difference between the dispersion medium and the surface of the nanoparticle) were determined by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS (ZEN3600) (Malvern, Herrenberg, Germany) with a 633-nm He-Ne laser operating at a 173°angle. Malvern's Dispersion Technology Software version 6.01 was used to collect and analyze the data. Chitosan NPs crosslinked with 0.25 mg/ml TPP concentration were further characterized by Transmission Electron Microscopy (TEM, FEI Tecnai G2 Spirit TEM at 120 KV) where a drop of the sample was placed on 200 mesh carbon film coated copper grid and the sample was then air dried for imaging.
HPLC assay for detection of Bortezomib
Bortezomib was analyzed using high performance liquid chromatography (HPLC, Agilent 1100 series, Santa Clara, CA) with a reverse phase C-18 column (Agilent Zorbax Eclipse XDB C18). A 50% acetonitrile solution in water containing 0.1% trifluoroacetic acid was used as the mobile phase at a flow rate of 1 ml/min. A calibration curve was formed by plotting the area under curve (AUC) of the BTZ HPLC peak (at retention time = 2 min, λ = 270 nm) for a concentration range of 0 to 1.5 mM. A linear correlation for the curve was obtained a R 2 = 0.9995, with a limit of detection of approximately 25 μM.
Bortezomib encapsulation efficiency in anti-CD38 chitosan NPs
The effect of intermediate (50 μM) and high-dose (1 mM) BTZ on the encapsulation efficiency of BTZ in NPs was assessed by the aforementioned HPLC assay. 1 h BTZ incubation at 4°C either in 10 mg/ml NPs already crosslinked in PBS solution or incorporated of BTZ into TPP solution before crosslinking was tested. BTZ solutions (50 μM and 1 mM) were used as controls for each study group. After ultracentrifugation, supernatants were collected from each condition and AUC values were used in the calibration curve to determine BTZ concentration. The encapsulation efficiency (EE) was calculated as follows: %EE = 100 − [(Concentration BTZ-NPs supernatant / Concentration BTZ Control) * 100].
In vitro drug release from anti-CD38 chitosan NPs in normal and tumor environments
In vitro release studies were assessed by the aforementioned HPLC assay (1 h BTZ incubation at 4°C in 10 mg/ml NPs solution in DDW solution). BTZ loaded nanoparticles were included in dialysis bags at 4°C with middle mixing in DDW in a light protected environment for 72 h. BTZ was added to the DDW solution that contains BTZ non-loaded nanoparticles as total release control, and also BTZ non-loaded nanoparticles were included in DDW as blank. The DDW solution with the nanoparticles was sampled at different time points and the samples were analyzed by HPLC. The % release (%R) was calculated as follows: %R = (Nanoparticles − Blank) / (Total − Blank) * 100.
In addition, MM cell lines (MM.1S, H929 and RPMI) and normal mononuclear cells (PB MNCs) were cultured in RPMI media with 10% FBS for 72 h, conditioned media samples were centrifuged and supernatants were obtained. The pH of the media samples was tested and divided into two vials. The first vial was used as is (conditioned media), while the pH in the other vial was adjusted back to the pH of media (8.4) (conditioned media-Corrected pH), with non-MM cultured used as a control. Chitosan NPs loaded with doxorubicin (model fluorescent drug) were incubated in the different media samples (non-cultured media, normal mononuclear cells, and MM-media cultured with and without adjustment of the pH) for 24 h at 37°C. Samples were ultracentrifuged at 40.000g for 30 min at 10°C, supernatant extracted, and analyzed by fluorescence plate reader (Exc 480 nm/Em 580 nm).
Swelling of anti-CD38 chitosan NPs in normal and tumor environments
The swelling properties of anti-CD38 chitosan NPS was evaluated. Pre-weighed anti-CD38 chitosan NPs were immersed in excess of two swelling medium, non-conditioned media and MM cells conditioned media. At various time intervals, NPs were ultra-centrifuged, the swelling medium was removed and NPs weighed. Results were calculated according to the following equation: Q = (Ws − Wd) / Wd. Here, Q is the swelling ratio, Ws is the weight in the swollen state and Wd is the weight in the dried state.
Characterization of the kinetics of the binding/uptake of the anti-CD38 to MM cells
First, we detected the expression of CD38 in three MM cell lines (MM.1S, H929, and RPMI8226) with the monoclonal antibody APCanti-CD38 (incubation at 4°C for 1 h) and analyzed the expression by detection of the mean fluorescent intensity (MFI) of APC in the MM cells by flow cytometry.
Then, MM cell lines were treated with the anti-CD38 chitosan NPs pre-labeled with AF633 (1 mg/ml) for increasing times (0, 30 min, 2, 4, 6, 16 and 24 h), then cells were washed and analyzed for the MFI of AF633 by flow cytometry (to ascertain quantitatively the total binding/ uptake). In addition, the cells were imaged using FV1000 confocal microscope with an XLUMPLFLN 20XW/1.0 immersion objective lens (Olympus, PA, USA), with excitation of 633 nm and the emission filter of 650 long pass, to determine the sub-cellular distribution of the nanoparticle.
To characterize the kinetics of potential dissociation, MM cells were treated with the AF633 anti-CD38 chitosan NPs for 2 h, then excess particles were washed from the cells, and the cells were put back to culture and tested for the fluorescence intensity at 0, 2, 6, 12 and 24 h after the washing by flow cytometry.
2.10. Characterization of specificity of the binding/uptake of the anti-CD38 chitosan NPs to MM and normal cells in vivo MM cell lines (n = 5, MM.1S, H929, RPMI8226, and U266), primary CD138 + MM cells isolated from MM patients (n = 5), normal mononuclear cells isolated from the peripheral blood of normal subjects (n = 5), and normal plasma cells isolated from the BM of normal subjects (n = 5) were incubated with the targeted AF633 anti-CD38 chitosan NPs or with AF633 non-targeted chitosan NPs for 2 h. In addition, non-labeled non-targeted chitosan NPs were used as control. Cells were washed and analyzed for the MFI of AF633 by flow cytometry.
To further confirm the mechanism of binding/uptake of the targeted and non-targeted particles, MM cell lines (MM1s, H929, and RPMI8226) were treated with or without free unlabeled anti-CD38 monoclonal antibody (for blocking the epitopes), and then incubated with the targeted and the non-targeted NPs for 2 h, washed, and analyzed by flow cytometry. , and RPMI8826) and PB MNCs were cultured with vehicle (control), BTZ as a free drug (5 nM), empty NPs, non-targeted NPs loaded with BTZ equivalent amounts to 5 nM, and anti-CD38 NPs loaded with BTZ equivalent amounts to 5 nM for 48 h. We also tested toxicity at 48 h after a 2 h pulse exposure to the same conditions and determine the effect on cell viability. We also tested increasing concentrations of anti-CD38 antibody (0.5-5 μg/ml) to rule out an effect of CD38 on MM cells for 48 h. Cell viability was assessed using MTT solution followed by absorbance reading at 570 nm using a spectrophotometer as previously described [19] . Briefly, the MTT solution was added to the cells 48 h after starting the treatment, and 2-4 h later the stop solution was added.
In addition, cell proliferation assay of MM.1S cells co-culture with or without MM-derived MSP-1 stromal cell line with vehicle (control), BTZ as a free drug (5 nM), empty chitosan NPs, non-targeted chitosan NPs loaded with BTZ equivalent amounts to 5 nM, and anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 5 nM for 48 h was analyzed. Furthermore, the effect of vehicle (control), BTZ as a free drug (5 nM), empty chitosan NPs, non-targeted chitosan NPs loaded with BTZ equivalent amounts to 5 nM, and anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 5 nM on proliferation of MM cells cultured in normoxic (21% O 2 ) or hypoxic (1% O 2 ) conditions for 48 h was measured.
MM.1S (pre-labeled with Invitrogen cell tracers DiO (10 μg/ml) for 1 h) were cultured in relevant three-dimensional tissue engineered bone marrow (3DTEBM) cultures through crosslinking of fibrinogen as previously described [20] [21] [22] [23] [24] . The effect of vehicle (control), BTZ as a free drug (10 nM), empty chitosan NPs, non-targeted chitosan NPs loaded with BTZ equivalent amounts to 10 nM, and anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 10 nM for 48 h was analyzed by flow cytometry. Higher BTZ doses (10 nM) are used in the 3DTEBM based on the known drug resistance of the cells in 3DTEBM cultures [20] . Cell proliferation assays were performed by digestion of 3DTEBM cultures with type I collagenase (25 mg/ml for 2-3 h at 37°C), followed by flow cytometry analysis using MACSQuant Analyzer (Miltenyi Biotec), and the data was analyzed using FlowJo program v10 (Ashland, OR). Moreover, 3DTEBM cultures treated with AF633 anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 10 nM were imaged to determine NPs distribution by confocal microscopy after 24 h incubation.
2.13. The effect of bortezomib loaded anti-CD38 chitosan NPs on cell cycle of MM cells H929 cells (1 × 10 6 cell/ml) were cultured with vehicle (control), BTZ as a free drug (5 nM), empty chitosan NPs, non-targeted chitosan NPs loaded with BTZ equivalent amounts to 5 nM, and anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 5 nM for 48 h, and cell cycle was analyzed as previously described [25] . Briefly, cells were washed, fixed with 70% ethanol, and washed again with PBS. RNA was degraded by incubation in RNAase for 30 min at 37°C, and the DNA was stained with PI solution for 10 min, then cells were analyzed by flow cytometry.
2.14. The effect of bortezomib loaded anti-CD38 chitosan NPs on apoptosis of MM cells H929, U266 and RPMI cells (1 × 10 6 cell/ml) were cultured with vehicle (control), BTZ as a free drug (5 nM), empty chitosan NPs, nontargeted chitosan NPs loaded with BTZ equivalent amounts to 5 nM, and anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 5 nM for 48 h, and apoptosis was analyzed as previously described [26] . Cells were washed and resuspended in 1 × Annexin binding buffer, incubated with Annexin V (5 μl of BD Pharmingen FITC Annexin V #556420 100 test) for 15 min followed by staining with PI (5 μl of 50 μg/ml) for extra 15 min, 1× binding buffer was added, and the cells were analyzed with flow cytometry.
The effect of bortezomib loaded anti-CD38 chitosan NPs on proliferation, cell cycle and apoptosis cell signaling in MM cells
To test the effect of BTZ as a free drug or encapsulated in chitosan NPs on proliferation, cell cycle, and apoptosis signaling, H929 cells were treated with vehicle (control), BTZ as a free drug (5 nM), empty chitosan NPs, non-targeted chitosan NPs loaded with BTZ equivalent amounts to 5 nM, and anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 5 nM for 6 h (survival) and 12 h (cell cycle and apoptosis). Cells were washed and lysed with 1× Phenylmethylsulfonyl fluoride (PMSF) for 15 min. Protein concentration in the cell lysates was normalized and 50 μg of protein was loaded per lane. Electrophoresis was performed using NuPAGE 4%-12% Bis-Tris gels (Novex, Life Technologies, Grand Island, NY) and transferred to a nitrocellulose membrane using iBlot (Invitrogen, Life Technologies). Membranes were blocked with 5% non-fat milk in Tris-Buffered Saline/ Tween20 (TBST) buffer and incubated with primary antibodies overnight at 4°C for proliferation signaling with pAKT and pERK1/2; for cell cycle with pRb; and for apoptosis with cleaved Caspase-3 and cleaved PARP. α-Tubulin was used as a loading control. The membranes were washed with TBST for 30 min, incubated for 1 h at room temperature with horseradish peroxidase (HRP)-conjugated secondary antibody, washed, and developed using Novex ECL Chemiluminescent Substrate Reagent Kit (Invitrogen). Antibodies were purchased from Cell Signaling Technology (Danvers, MA). Phospho-Erk1/2 (Thr202/ Tyr204) (D13.14.4E) XP® (rabbit mAb #4370), phospho-Akt (Ser473) (D9E) XP® (rabbit mAb #4060), pRb (Ser807/811) (rabbit mAb #9308), cleaved-Caspase-3 (Asp175) (5A1E) (rabbit mAb #9664), cleaved-PARP (Asp214) (D64E10) (rabbit mAb #5625), and α-Tubulin (11H10) (rabbit mAb #2125) were used at a dilution of 1:1000.
The effect of bortezomib loading in anti-CD38 chitosan NPs on proteasome inhibition activity
Cell extracts were prepared in NP-40 lysis buffer from control and treated cells (BTZ as a free drug (5 nM), empty chitosan NPs, non-targeted chitosan NPs loaded with BTZ equivalent amounts to 5 nM, and anti-CD38 NPs loaded with BTZ equivalent amounts to 5 nM) retrieved after 2 h treatment with BTZ. Proteasome activity was determined using the AMC-tagged peptide substrate in a Proteasome Activity Assay Kit (abcam, Cambridge, MA, USA) according to the manufacturer's protocol. Fluorescence was determined in a SpectraMax i3 Multi-Mode Detection Platform (Molecular Devices, Sunnyvale, CA, USA) and proteasome activity was expressed as the amount of proteasome which generates 1.0 nmol of AMC per minute at 37°C. 
Investigation of the anti-CD38 chitosan NPs uptake mechanism
Endocytosis is critical to the uptake of NPs in order to allow toxic effects in cells. MM cells were plated on glass bottom 8 well chambers and allowed to adhere overnight. CellLight Early Endosomes-GFP BacMam 2.0 reagent (targeting rab5) was added to result in a final concentration of 30 particles per cells and allowed to incubate with the cells for 18-24 h. Cells were washed twice with PBS and incubated with AF633 anti-CD38 chitosan NPs for 24 h. Cells were again washed twice with PBS and allowed to stay in phenol red free medium for imaging live under culture conditions of 37°C and 5% CO 2 at specified time points using FV1000 confocal microscope.
To understand the process of internalization of anti-CD38 chitosan NPs, MM cells were pre-treated with inhibitors of macropinocytosis and phagocytosis (cytochalasin D), clathrin-mediated endocytosis (chlorpromazine), caveolae-mediated endocytosis (nystatin), or late endocytosis (EGA), prior to exposure to anti-CD38 chitosan NPs. All the inhibitors were tested on survival of MM cells to determine a concentration that does not induce cell death by MTT. MM cells (1 × 10 6 cell/ml) were pre-incubated at 37°C with no inhibitor (Ctrl), cytochalasin D 1 μM, chlorpromazine 2 μM, nystatin 0.5 μg/ml, and EGA 2.5 μM or at 4°C as control of the active uptake for 30 min. Cells were washed with PBS and incubated with AF633 anti-CD38 chitosan NPs for 2 h. Then, cells were washed and analyzed by flow cytometry for the fluorescence intensity of AF633. Proteasome activity inhibition was also measured in combination with inhibitors of macropinocytosis and phagocytosis (cytochalasin D), clathrin-mediated endocytosis (chlorpromazine), caveolae-mediated endocytosis (nystatin), or late endocytosis (EGA), prior to exposure to anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 5 nM. MM cells were pre-incubated at 37°C with no inhibitor (Ctrl), cytochalasin D 1 μM, chlorpromazine 2 μM, nystatin 0.5 μg/ml, and EGA 2.5 μM for 30 min. Cells were washed with PBS and incubated with anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 5 nM, then proteasome Activity Assay Kit was followed as in the previous experiment.
The effect of bortezomib-loaded anti-CD38 NPs on MM tumor progression in vivo
MM1s-GFP-Luc cells were injected into forty female, 7-week old SCID mice i.v. at the concentration of 2 × 10 6 cells per mouse and tumor progression was evaluated using BLI. After 4 weeks, tumor bearing mice were randomized into 4 groups of 10 animals each and treated with: (i) vehicle, (ii) BTZ as a free drug (1 mg/kg once a week), (iii) non-targeted NPs loaded with BTZ equivalent amounts to 1 mg/kg (once a week), (iv) and anti-CD38 NPs loaded with BTZ equivalent amounts to 1 mg/kg (once a week). Tumor progression was followed in the 4 groups twice a week (for 5 weeks) by BLI; moreover the survival, weight, and general health of the animals was followed. In addition, 3 mice were taken from each group 3 weeks after the beginning of the treatment, and specimens of the BM, blood smear, spleen, liver, kidney, brain, spinal-cord and intestine were fixed and pathologically evaluated for treatment efficacy and histological tissue damage. In order to determine how many mice per 4 different treatment groups (Control plus 3 conditions groups) we utilized a Tukey-Cramer multiple comparison test for independent means. Utilizing a multiple comparison alpha adjustment for the 6 tests and assuming a 100% difference with a standard deviation of 25% we have over 95% power (alpha = 0.025) to detect this difference, therefore we would need 10 mice per group to sufficiently power this aim.
Statistical analysis
Measurements were made in triplicate for each group. The in vitro data were expressed as means ± standard deviation. Results were analyzed using student t-test for statistical significance and were considered significantly different for p value < 0.05. The in vivo data were analyzed using student t-test or ANOVA for statistical significance, and results are depicted as mean ± S.E.M. Variation within each group was equally variant and similar between the groups that were statistically compared. Values were considered significantly different for p value < 0.05.
Results
Characterization of anti-CD38 chitosan NPs
Chitosan NPs were prepared using ionotropic gelation technique in which the crosslinking reaction involves ionic interactions between the positively charged amino groups of chitosan and the negatively charged phosphate groups of TPP resulting in polymeric NPs (Fig. 1.A) . Targeting with anti-CD38 antibody was obtained by conjugation of chitosan NPs with streptavidin and followed by incubation with biotinylated-anti-CD38 antibody ( Fig. 1.B) .
We investigated the effect of the concentration of the crosslinker (TPP) on the size and the stability of the resulting NPs. The particle size and ζ-potential were determined by DLS. We found that increasing the concentration of the crosslinker increased the size of the particle ( Fig. 1.Ci) and it decreased the stability of the particles (Fig. 1.Cii) . A concentration of 0.25 mg/ml led to the highest ζ-potential, while 1 mg/ ml reduced it dramatically to (15.1 mV) a level less than the theoretical value needed to produce stable particles (30 mV). These results showed that the crosslinking using 0.25 mg/ml maintained the highest stability of the nanoparticle with ζ-potential of 53.3 mV and the size of the particles obtained was 50 ± 11 nm, which was further confirmed by TEM analysis (Fig. 1.D) . We used these conditions for all the further studies.
For evaluating the encapsulation efficiency of BTZ, a reverse phase HPLC assay was developed. BTZ had a retention time of 2 min (Fig.  S1 .A) and illustrated a linear dynamic range in the concentration range between 0 and 1.5 mM with a R2 = 0.9995 (Fig. S1.B) . Anti-CD38 chitosan NPs were incubated for 1 h with intermediate (50 μM) or highdose (1 mM) BTZ. Encapsulation efficiency was calculated using the AUC values for BTZ-loaded chitosan NPs. The encapsulation efficiency of intermediate and high-dose BTZ was 10.57 ± 4.90 and 9.67 ± 2.45 when incorporated after NPs crosslinking, and 85.31 ± 6.24 and 83.32 ± 5.22 when incorporated previous crosslinking in the crosslinker solution, respectively. In addition, the effect of BTZ loading inside of anti-CD38 chitosan NPs on size and stability was measured and we found that neither size (Fig. S1 .C.i) nor ζ-potential (Fig. S1 .C.ii) were affected by intermediate or high BTZ loading. We further tested the size and the stability of the particles as a function of storage time to optimize their stability for biological use, and we found that the size of empty and BTZ loaded NPs did not change over a month when particles were kept at 4°C (Fig. S1 .D.i), and the stability (Fig.  S1 .D.ii) was not changed in the same period of time.
In vitro drug release from anti-CD38 chitosan NPs to different environments
The release of BTZ was analyzed in BTZ-loaded nanoparticles over a 72 h period. Fig. 1 .E shows that BTZ was mainly released in the first 8 h with 75% of BTZ release. After that we could see that at 24 h the released reached a plateau that is maintained until 72 h into a DDW solution. We further hypothesize that the acidic tumor environment induces a rapid swelling of the chitosan NPs due to the free amine groups in the chitosan and faster release of the drug compared to neutral pH in the regular media (representing blood and normal tissues). First, pH of MM cell conditioned media was tested at different time points. We found that 72 h of MM cell culture generate acidic tumor microenvironment close to the pH tumor environment cited in the literature around 6.5-7.1 [27] [28] [29] . The pH of the conditioned media was measured after 72 h of culture and found a significant decreased in pH in MM-conditioned media (6.94 ± 0.23) compared to normal PB MNCSconditioned media (8.38 ± 0.01) and non-conditioned media (8.6 ± 0.05) (Fig. 2.A.i) .
The in vitro release of a model fluorescent drug (doxorubicin) from anti-CD38 NPs was analyzed in the conditioned media of MM cells and normal PB MNCs. The acidic tumor microenvironment induced a 2-fold increase release of drug from the anti-CD38 NPs compared to nonconditioned media and normal PB MNCS-conditioned media (Fig. 2.A.ii) .
To corroborate that the increase drug release was due to the change in pH, all the conditioned media were corrected to the pH of nonconditioned media and drug release was evaluated again. Note that the pH-corrected was around 8.51 for both MM-conditioned media and normal PB MNCS-conditioned media (Fig. 2.B.i) . The release in the pHcorrected conditioned media (MM and PB-MNCs) were non-significantly different than in non-conditioned media (Fig. 2.B .ii), reflecting that the acidic tumor environment induced faster release of the drug compared to neutral-basic pH (8.5 ). In addition, it's important to note that while the conditioned media from PB MNCs was very consistent (8.38), the conditioned media from MM cells showed more variability in different cell lines (Fig. S2.A.i) , with indirect correlation where the lower the pH the more drug is released from the anti-CD38 NPs (Fig. S2.A.ii ). An effect that can be reversed by correcting the pH of the media (Fig. S2.B.i) , with proportional reduction of drug release to a level of non-significant difference compared to the conditioned media of normal PB MNCs (Fig. S2.B.i) .
Swelling of anti-CD38 chitosan NPs in different environments
To further confirm our hypothesis that the acidic tumor environment induces swelling of the chitosan NPs and therefore induces a faster drug release, anti-CD38 chitosan NPs were incubated in nonconditioned media (pH 8.6) and MM conditioned-media (pH 6.7) for 24 h. Swelling was measured and we found that while anti-CD38 chitosan NPs have an increase in swelling in MM-conditioned media (Q = 3.88 ± 1.43 at 2 h and Q = 14.74 ± 5.12 at 24 h), anti-CD38 chitosan NPs did not change in non-conditioned media (Q = 0.04 ± 0.02 at 2 h and Q = 0.06 ± 0.03 at 24 h) (Fig. 2.C) .
Kinetics of binding/uptake of anti-CD38 chitosan NPs to MM cells
First, we tested the expression of CD38 in three MM cell lines and found that although all the cell lines showed a high expression compared to the corresponding isotype, the different cell lines showed different CD38 expression (Fig. 3.A) . Then, we tested the binding/uptake of anti-CD38 chitosan NPs and non-targeted NPs at 2 h and compared with the CD38 expression in these cell lines. We found that while the binding/uptake of the particles was directly correlated with the level of expression of CD38 for anti-CD38 chitosan NPs, non-targeted chitosan NPs did not show any correlation with CD38 expression and binding/uptake in all cell lines was very low (Fig. 3.B) .
Next, we determined the kinetics of binding/uptake for the anti-CD38 chitosan NPs in the three MM cell lines over a period of time of 24 h. We found that the binding/uptake is very fast and in a short period of a round 2-4 h the binding/uptake reach a plateau (Fig. 3.C) . Fig. 3 .D demonstrated the binding/uptake of the anti-CD38 chitosan NPs (red) to the surface MM.1S cells at 2 h post-treatment.
In addition, we study the potential dissociation of the anti-CD38 chitosan NPs from the MM cells after binding/uptake, and found that the particles did not dissociate from the MM cells over 24 h of incubation ( Fig. 3.E) .
Specificity of binding/uptake of anti-CD38 chitosan NPs to MM cells in vitro
The binding/uptake of anti-CD38 chitosan NPs to five MM cell lines and primary MM cell isolated from five MM patients was significant (3-fold) higher than the binding/uptake in non-targeted NPs (Fig. 4.A) . The binding/uptake of the anti-CD38 chitosan NPs was highly consistent in the cell lines and the primary samples, while the binding/ uptake of the non-targeted NPs to the different cell lines was more variable (Fig. S3.A and B) . For normal controls, we used mononuclear cells isolated from the peripheral blood of five normal subjects (PB MNCs,) and from the BM of five normal subjects (BM MNCs). We found that the binding/uptake of the anti-CD38 chitosan NPs to the normal PB MNCs and BM MNCs was significantly (4-folds and 10-folds, respectively) lower than the binding/uptake to MM cells (Fig. 4.A) . The binding/uptake of both the anti-CD38 chitosan NPs and the non-targeted NPs was constantly low with little variability between samples of PB MNCs (Fig. S3 .C) and BM MNCs (Fig. S3.D) .
We further confirm the effect of increasing concentrations of anti-CD38 antibody on MM cells and found that anti-CD38 antibody did not affect the survival of MM cells (Fig. S3.E ).
Specificity of binding/uptake of anti-CD38 chitosan NPs to MM cells in vivo
We further study the specificity of anti-CD38 NPs binding/uptake to MM cells in vivo. MM-bearing mice were injected with free AF633 dye, non-targeted AF633-NPs and anti-CD38 AF633-NPs, and its binding/ uptake to MM cells was tested in different organs. We found that free AF633 and non-targeted particles have the same random distribution (no significance differences) in the MM cells (GFP +) of all the organs. culture (n = 3) . ii) Effect of conditioned media pH on drug release from anti-CD38 chitosan NPs. B) i) Corrected pH of conditioned media from PB MNCs and MM cells after 72 h in culture (n = 3). ii) Effect of conditioned media with corrected pH on drug release from anti-CD38 chitosan NPs. C) Swelling of anti-CD38 chitosan NPs in nonconditioned media and MM-conditioned media over 24 h.
However, the binding/uptake of the anti-CD38 chitosan NPs was significantly higher in MM cells in the BM (femurs) and other extramedullary organs (heart, kidney, liver, lung and spleen), with around 4.5-fold increase of targeted compared to non-targeted NPs in the femurs and 1.5 to 3-fold increase in the other organs (Fig. 4.C) . In the blood, we found that there was no significance difference between the binding/uptake of the anti-CD38 chitosan NPs compared to non-targeted and free AF633, probably due to same accessibility of NPs (targeted and non-targeted) to the cells in the circulation.
Effect of bortezomib-loaded anti-CD38 chitosan NPs on proliferation, cell cycle, and apoptosis in MM cells
The effect of vehicle (control), BTZ as a free drug (5 nM), empty chitosan NPs, non-targeted chitosan NPs loaded with BTZ amounts to 5 nM, and anti-CD38 chitosan NPs loaded with BTZ amounts to 5 nM for 48 h on proliferation of MM1s, H929, RPMI cells and PB MNCs was analyzed by MTT. We found that BTZ 5 nM as a free drug have a modest effect (20% killing) on MM cells with no effect on normal mononuclear cells from peripheral blood (PB MNCs). While empty chitosan particles showed no effect on survival of MM cells or PB MNCs, BTZ encapsulated in non-targeted and anti-CD38 chitosan NPs (5 nM) had a robust effect (70% killing) in MM cells with no effect on PBMNCs (Fig. 5.A) . The effects on individual cell lines was consistent with low variability (Fig.  S4.A) .
We further investigated the same therapy regimens on cell cycle and apoptosis. We found that BTZ as a free drug induced G0-G1 arrest, which was demonstrated also by BTZ encapsulated in non-targeted and targeted NPs, while empty chitosan NPs showed no effect (Fig. S4.B) . However, BTZ encapsulated in non-targeted and targeted NPs revealed an important increase in subG1 cells (apoptosis) compared to empty NPs and free BTZ (Fig. 5.B) . BTZ as a free drug induced increase early and late apoptosis, non-targeted and targeted NPs showed a significant increase in the fraction of late apoptosis compared to free drug (Fig. 5.C) . The apoptosis results were studied in three MM cell lines (H929, Fig. S4.Ci, U266, Fig. S4 .Cii and RPMI, Fig. S4 .Ciii), which they show similar trends where late apoptosis was increased in the BTZloaded NPs compared to free drug.
Alternatively, we also performed toxicity at 48 h after a 2 h pulse (where the non-targeted and anti-CD38 NPs bind differently) to test if there is a difference due to targeting. We found that after a 2 h pulse, while BTZ 5 nM as a free drug and empty NPs have no effect on MM cells, anti-CD38 chitosan NPs (5 nM) had a significantly higher effect (55.19 ± 14.81) than non-targeted NPs (79.56 ± 22.25) in MM cells (Fig. S5) . Finally, these effects were confirmed on survival, cell cycle, and apoptosis signaling molecules and we found that BTZ encapsulated in non-targeted and targeted NPs suppressed more potently the phosphorylation levels pAKT and pERK, induced down-regulation of the expression of protein involved in cell cycle transition, such as pRb, and increased cleaved caspase 3 and PARP compared to free drug, while vehicle control and empty NPs did not have an effect (Fig. 5.D) .
Enhanced bortezomib uptake lead to improved proteasome activity inhibition
To explain the enhanced effect of the encapsulated BTZ, we tested the effect of the BTZ encapsulation in the NPs on its ability to inhibit the proteasome activity. The effect of BTZ loaded anti-CD38 NPs and non- targeted NPs on proteasome activity inhibition was compared to free BTZ. We found that BTZ as a free drug have a moderate effect (50% inhibition) on MM cells; while BTZ encapsulated in non-targeted and targeted NPs had a more robust effect (68% and 75% inhibition, respectively) (Fig. 6.A) . These results are in agreement with our previous results showing a more robust effect of the NPs on survival and apoptosis of MM cells compared to free drug (Fig. 5) .
To explain the effect on the proteasome activity, we tested the effect of BTZ encapsulation in NPs on its accumulation in the cells, as reflected by the boron content of the cells using elemental analysis of the cells by ICP-OES. Elemental analysis showed that the boron content of cells treated with BTZ encapsulated in anti-CD38 NPs showed a significant 3-fold higher boron content than cells treated with free BTZ and 2-fold higher than cells treated with BTZ-loaded non-targeted NPs (Fig. 6.B) .
Enhanced proteasome activity inhibition by anti-CD38 chitosan NPs endocytic internalization
To understand the mechanism of the uptake of anti-CD38 chitosan NPs we tested the sub-cellular co-localization of the NPs with the endosomal markers (rab5 +). We found that anti-CD38 chitosan NPs (red) were taken up by the MM cells via endocytosis and transferred into early endosomes (rab5 +) and co-localization was detected at 6 and 24 h (Fig. 7.A) .
Incubation of MM cells at 4°C before treatment with anti-CD38 NPs significantly (50%) decreased their uptake, indicating it is an active uptake process (Fig. 7.B) . To further investigate the mechanism of active uptake of the anti-CD38 NPs, we tested the contribution of macropinocytosis, early endocytosis pathways (mediated by clathrin or caveolae), and late endocytosis internalization, by specific inhibitors of the different uptake routs [30, 31] . We preliminary screened all the inhibitors on survival of MM cells to determine a concentration that does not induce cell death. Pre-incubation at 37°C with cytochalasin D 1 μM (Fig. S6.A) , chlorpromazine 2 μM (Fig. S6.B) , nystatin 0.5 μg/ml (Fig. S6.C) , and EGA 2.5 μM (Fig. S6.D) for 30 min was found to have no effect on cell survival. Then, we found that while inhibition of macropinocytosis (by Cytochalasin D) did not affect the uptake of anti-CD38 NPs, inhibition of early endocytosis clathrin-mediated (by chlorpromazine) or caveolae-mediated (by nystatin), and inhibition of late endocytosis (by EGA) significantly (about 25% each) decreased the uptake of the anti-CD38 NPs (Fig.7.B) .
We further corroborated the effect of inhibition of each of the uptake routes on the proteasome inhibition induced by the BTZ-loaded anti-CD38 NPs. It was shown that MM cells treated with BTZ-loaded anti-CD38 NPs (without inhibition of the uptake routs) induced about 70% inhibition in the proteasome activity. While inhibition of macropinocytosis did not affect the proteasome inhibition induced by the BTZ-loaded anti-CD38 NPs, inhibition of the early (clathrin-and caveolae-mediated) and late endocytosis interfered with proteasome inhibition activity of the BTZ-loaded anti-CD38 NPs (Fig. 7.C) . We also confirmed that MM cells treated with free BTZ (without inhibition of the uptake routs) induced about 40% inhibition in the proteasome activity and demonstrated that the inhibition of macropinocytosis or endocytosis pathways led to any significant effect on proteasome activity (Fig. 7.D) .
Effect of bortezomib-loaded anti-CD38 chitosan NPs on drug resistance induced by the tumor microenvironment
Stromal cells play a critical role in cell adhesion-mediated drug resistance (CAM-DR) in MM [17] . Co-culture of MM cells with stromal cells derived from MM patients induced resistance in the MM cells to treatment with BTZ (5 nM) as a free drug, compared to mono-culture of MM cells alone. In contrast, encapsulated BTZ in anti-CD38 NPs induced a significantly more profound killing effect in the MM monoculture, and overcame the stroma-induced resistance in MM cells (Fig. 8.A) .
Similarly, hypoxia in the microenvironment was shown to play an important role in cell drug resistance in MM [25] . Incubation of MM cells in hypoxic conditions (1% O 2 ) induced resistance in the MM cells to treatment with BTZ (5 nM) as a free drug, compared to MM cells cultured in normoxic conditions (21% O 2 ). In contrast, encapsulated BTZ in anti-CD38 NPs induced a significantly more profound killing effect in the normoxic MM cells, and overcame the hypoxia-induced resistance in MM cells (Fig. 8.B) .
To better mimic the tumor microenvironment, we have previously shown that a more realistic 3D tissue engineered bone marrow (3DTEBM) culture model, derived from the BM of MM patients, can recreate better the pathophysiology and drug resistance of MM which resembles tissue depth with oxygen and drug gradients, as well as, recreated the tumor microenvironment [20, 21] . BTZ (10 nM) as free drug had a very modest effect on survival of MM cells (8% killing). In contrast, encapsulated BTZ induced a significant and robust effect with a 93% killing in the 3DTEBM (Fig. 8.C) . We further detected the co-localization of NPs (red) and the MM cells (green) at different depths in the 3D cultures, indicating that the NP can penetrate the 3D culture and deliver BTZ (Fig. 8.D) .
Effect of the anti-CD38 chitosan NPs on the efficacy in inhibition of tumor progression and reduction of the side effects of bortezomib in vivo
Tumor bearing mice were treated with vehicle, BTZ as a free drug (1 mg/kg once a week), non-targeted NPs loaded with BTZ (1 mg/kg once a week), and anti-CD38 NPs loaded with BTZ (1 mg/kg once a week). Tumor progression was followed in the 4 groups for 5 weeks by BLI.
BTZ treatment was efficacious in reducing tumor size in all the treatment-groups (free drug, BTZ-loaded non-targeted NPs and BTZloaded anti-CD38 NPs) compared to vehicle treatment. However, treatment with BTZ-loaded anti-CD38 NPs reduced the tumor size to significantly lower tumor size compared to non-targeted NPs and free drug-groups. And no significant difference was observed between BTZ as free-drug and BTZ-loaded in non-targeted NPs (Fig. 9.A) . Fig. 6 . Enhanced bortezomib uptake and proteasome inhibition by anti-CD38 chitosan NPs. A) The effect of no treatment (control), BTZ as a free drug (5 nM), empty chitosan NPs, non-targeted chitosan NPs loaded with BTZ equivalent amounts to 5 nM, and anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 5 nM for 2 h on proteasome activity, *p < 0.05. B) Cell pellet boron concentration analyzed by ICP-OES after no treatment (control), BTZ as a free drug (100 nM), non-targeted chitosan NPs loaded with BTZ equivalent amounts to 100 nM, and anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 100 nM for 1.5 h, *p < 0.05.
In addition, the number of circulating MM cells in a blood sample taken from each group at day 25 after the beginning of the treatment revealed a significant reduction of MM cells in the BTZ-loaded NPs groups compared to free drug (Fig. 9.B) .
Importantly, treatment with BTZ-loaded anti-CD38 NPs improved overall survival of the MM-bearing mice (32% surviving at day 35), compared to vehicle group (all the group died by day 28), the free BTZ (all the group died by day 29), and BTZ-loaded non-targeted NPs (all the group died by day 31) (Fig. 9.C) .
Moreover, we tested the effect of different formulations on the weight loss in the animals. Treatment anti-CD38 NPs resulted in 10% loss in body mass during the 5 weeks treatment period, whereas the free BTZ and non-targeted NPs-groups demonstrated > 20% weight loss, and they were consequently sacrificed (Fig. 9.D) . Moreover, in both the free BTZ and non-targeted NPs-groups a significant hair loss was observed compared to the vehicle-treated (control) group, while such hair loss was not observed in the anti-CD38 NPs group (Fig. 9.E) .
In addition, 3 mice were taken from each group at day 25 post treatment, and specimens of the BM, spleen, liver, brain, spinal-cord and intestine were fixed and pathologically evaluated for histological tissue damage. No apparent histopathologic changes in the tissues, including femurs, spinal cord, liver, spleen, kidney and intestine was observed in any of the groups (Fig. S7) .
Discussion
The establishment of more effective treatments that can circumvent chemoresistance in MM is a priority. BTZ, the first proteasome inhibitor anti-CD38 in red, early endosomes expressing GFP (rab5 +), and merged images showing co-localization of the red NPs in the green early endosomes at 2 and 24 h; Scale bar = 10 μm. B) Anti-CD38 chitosan NPs uptake in the presence of macropinocitosys and endocytosis inhibitors. H929 cells were pre-incubated with the following inhibitors cytochalasin D 1 μM, chlorpromazine 2 μM, nystatin 0.5 μg/ml, and EGA 2.5 μM for 30 min. Two control samples were used with no inhibitors (No inhibition) at either 37°C or 4°C, *p < 0.05. C) The effect of anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 5 nM uptake in the presence of macropinocitosys and endocytosis inhibitors (cytochalasin D 1 μM, chlorpromazine 2 μM, nystatin 0.5 μg/ml, and EGA 2.5 μM for 30 min) on proteasome activity, *p < 0.05. D) The effect of BTZ as a free drug (5 nM) in the presence of macropinocitosys and endocytosis inhibitors (cytochalasin D 1 μM, chlorpromazine 2 μM, nystatin 0.5 μg/ml, and EGA 2.5 μM for 30 min) on proteasome activity, *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) approved by the FDA for the treatment of MM, remains one of the most potent proteasome inhibitors available [32] . MM cells exhibit a greater sensitivity to proteasome activity inhibition compared to healthy cells, resulting in an accumulation of pro-apoptotic proteins, cyclins, and cyclin-dependent kinase inhibitors, while decreasing NF-κB activity within tumor cells, which ultimately results in cell cycle arrest and apoptosis [33, 34] . However, despite its success in the clinic, BTZ still possesses limitations related to dose limiting side effects [35, 36] . Therefore, novel approaches that reduce the systemic toxicity of BTZ while enhancing or improving its anti-tumor efficacy is of utmost importance.
In this study, we developed NPs-mediated targeted delivery of BTZ to MM cells specifically to improve the therapeutic index relative to free drug; though increased efficacy and specificity to MM cells and reducing the side effects in normal tissue; by targeting the NPs to CD38 which is overexpressed on MM cells.
NPs drug delivery systems allow the delivery of larger doses of chemotherapies and increase the drug bioavailability into targeted areas, thus sparing healthy tissues [13] . Chitosan has been widely used in drug delivery systems. NPs synthesized from chitosan have gained prominence due to their large drug loading capacity, superior adsorption capabilities, and long shelf life. Chitosan also possesses an abundance of hydroxyl and amino functional groups, allowing for NPs to be synthesized by physical and/or chemical crosslinking [37] . Instead of using harsh conditions in the formulation of chitosan NPs, our method is determined by ionotropic gelation, which simply involves the interaction of an ionic polymer with oppositely charge ion to initiate crosslinking [38] . TPP is a polyanion, which interacts with the cationic chitosan by electrostatic forces [39] . These chitosan NPs were further rationally targeted to MM cells by streptavidin-biotin linkage to anti-CD38 antibody (Fig. 1) .
We have fine-tuned the production of anti-CD38 chitosan NPs with a small size (50 nm) to allow better penetration to tumors [14, 15, 40] , and we showed that these NPs were stable at different storage conditions and periods (Fig. 1) . All the studies performed considered only NPs crosslinked with TPP 0.25 mg/ml with size 50 nm and high ζ-potential, other NPs sizes or stabilities might deeply influence their kinetics, binding and uptake and further in vivo results.
The chitosan NPs showed BTZ release in the first 8 h, and preferential drug release in MM tumor microenvironment compared to 
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normal tissue microenvironment, and this release was pH dependent (Figs. 1 & 2) . We have previously shown that chitosan swelling (as a first step for drug release) is pH dependent, in which chitosan swelling is increased in acidic pH and enhance release for its encapsulated materials [41] , due to hydration of the protonated amine groups under acidic conditions [42] . Tumor microenvironment is reported to be more acidic than normal healthy tissue [27] [28] [29] , and our model demonstrated similar pH in the MM cultures to these reported in the literature. We further confirm that anti-CD38 NPs swelling was pH dependent, and that acidic tumor microenvironment induced increase swelling compared to normal microenvironment. This explains our findings that the chitosan NPs in this study had preferential release in the acidic tumor microenvironment in MM compared with normal microenvironment. This is an interesting phenomenon which demonstrates another aspect of specificity of the NPs to tumor environment. Several strategies have been developed to improve the delivery of chemotherapies to MM by targeting different moieties expressed on MM cells, including: (1) Very Late Antigen-4 (VLA-4), an integrin receptor expressed on cancer of hematopoietic origin such as MM, has led to very promising results with several different drug combinations [43] [44] [45] . However, the limitation with targeting VLA4-4 stems from its heterogeneous expression on myeloma cells, with even negligible expression in some MM cells, as well as its high expression in many other normal cells [43, 45] . (2) ATP-binding cassette (ABC) drug transporters, such as ABCG2 (breast cancer resistance protein) was used to target MM cancer stem cells and deliver placitaxel. These NPs inhibited tumor growth, increased survival by inducing apoptotic pathways, and showed less toxic side effects in comparison with the placitaxel treatment [46, 47] . However, the expression of the ABC in cancer cells is variable [48] . (3) Targeting of the bone marrow microenvironment by using alendronate PLGA-PEG NPs, which did not target the MM cell but the general bone microenvironment. This approach failed to showed specificity to MM, in which non-targeted and targeted NPs showed the same efficacy in vivo [49] .
CD38 is a cell surface marker with low expression on various hematopoietic cells, but it was shown to be highly expressed on malignant MM cells [50] . Due to its high expression on MM cells, it is used as a marker for identification of MM cells [51] [52] [53] , and there are several indications supporting the notion that CD38 plays significant roles in the progression of MM [50, 54] . Moreover, CD38 has been used as a therapeutic target in MM; anti-CD38 monoclonal antibodies are showing promising results of selective and efficient treatment of MM in Fig. 8 . Effect of bortezomib-loaded anti-CD38 chitosan NPs on drug resistance. A) The effect of vehicle (control), BTZ as a free drug (5 nM), empty chitosan NPs, non-targeted chitosan NPs loaded with BTZ equivalent amounts to 5 nM, and anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 5 nM for 48 h on: A) cell adhesion-mediated drug resistance in co-culture with MSP-1 (myeloma-derived stroma); and B) hypoxia-mediated drug resistance, *p < 0.05. C) The effect of vehicle (control), BTZ as a free drug (10 nM), empty chitosan NPs, non-targeted chitosan NPs loaded with BTZ equivalent amounts to 10 nM, and anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 10 nM for 48 h on survival of MM cells cultured in 3DTEBM, *p < 0.05. D) Confocal microscopy images of MM cells cultured (green) in 3DTEBM after 24 h treatment with AF633 anti-CD38 chitosan NPs (red), shown by a ZStack rotated view, and images at different depths of the zstack to show the co-localization (white arrows) of NPs and MM cells in yellow; Scale bar = 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) preclinical studies and in early clinical trials [55] [56] [57] [58] [59] . Moreover, we have recently shown that while the expression of several plasma cell markers such as CD138, CD56, and CD20 changed in different stages of the disease, CD38 is constantly expressed on all forms of MM cells including differentiated MM cells in progressive MM models, as well as on stem cell-like MM cells in minimal residual disease models [60] . We are the first to propose the use of CD38 as a targeting moiety for a nanoparticle drug delivery system.
The in vitro binding/uptake studies demonstrated that CD38 expression was high throughout different MM cells lines and primary MM cells, and that the anti-CD38 chitosan NPs were effectively uptaken by all MM cells, with correlation to the expression of CD38 (while nontargeted NPs were not correlated to CD38 expression and binding was low), with minimal dissociation after binding/uptake (Fig. 3) . The uptake of the anti-CD38 chitosan NPs to MM cells (cell lines and primary) was significantly higher than their uptake in normal cells (4-fold of BM MNCs, and 10-fold of PB MNC), and higher than the binding/uptake of the non-targeted NPs (3-fold in vitro, 4.5-fold in bone marrow, and 1.5 to 3-fold in other organs), demonstrating that the anti-CD38 chitosan NPs are selective and specific to MM (Fig. 4) . It should be noted that anti-CD38 NPs are slightly up-taken by a CD38 + population in mononuclear cells; however, the higher expression of CD38 in MM cells makes that anti-CD38 NPs were higher up-taken with 4 and 10-fold compared to MNCs [53] .
The in vitro cellular studies with BTZ-loaded anti-CD38 chitosan NPs demonstrated enhanced cytotoxicity and apoptosis on MM cells compared to similar concentration of BTZ as free drug; demonstrated by induction of more profound cell cycle arrest, and apoptosis leading to cell death through inactivation of proliferative cell signaling (MAPK, PI3K pathways, cell cycle) and activation of pro-apoptotic pathways (PARP and Caspase-3) (Fig. 5) .
To further investigate the mechanism of the increased efficacy of the BTZ-loaded anti-CD38 chitosan NPs, we evaluated the effect of BTZloaded NPs compared to free drug in proteasome activity inhibition. We found that BTZ-loaded NPs were significantly more potent in the proteasome activity inhibition than free BTZ. To study this phenomenon, we evaluated first the accumulation of BTZ in MM cells by testing their elemental boron content (since BTZ includes a boron atom) and found that boron content in MM cells treated with BTZ-loaded anti-CD38 NPs was 3-fold higher than MM cells treated with BTZ as free drug and 2-fold higher than BTZ-loaded non-targeted NPs (Fig. 6) . This explains the results of higher proteasome inhibition, and consequently the higher Fig. 9 . Inhibition of tumor progression and reduction of the side effects of bortezomib-loaded anti-CD38 chitosan NPs in vivo. The effect of vehicle, BTZ as a free drug (1 mg/kg once a week), non-targeted chitosan NPs loaded with BTZ equivalent amounts to 1 mg/kg (once a week), and anti-CD38 chitosan NPs loaded with BTZ equivalent amounts to 1 mg/kg (once a week) on: A) tumor progression shown by quantification of BLI *p < 0.05; B) number of MM cells on circulation, *p < 0.05; C) survival shown by Kaplan-Meier survival curves (p value targeted compared to other treatments); D) % weight loss, and E) hair loss (representative images of one mice from each group).
cell death induced by the BTZ-loaded NPs.
In order to explain the higher bortezomib content of the cells when treated with BTZ-loaded NPs, we investigated the mechanism of uptake of the anti-CD38 NPs. We hypothesized that endocytosis is the preferential internalization route for the anti-CD38 NPs. Endocytosis is a general term for the internalization of different components by the invagination of the plasma membrane and the formation of vesicles and vacuoles through membrane fission [61] . To confirm that the process involved in the internalization of the anti-CD38 chitosan NPs was endocytosis, we have shown that the NPs distribution in the cells co-localized with the distribution of endosomes (detected by rab5). Moreover, endocytosis is an active energy-dependent process [62, 63] , and stopping the energy production in the cells by pre-incubation at 4°C induced significant 50% reduction of the anti-CD38 NPs uptake, again as a confirmation that it is endocytosis-dependent (Fig. 7) . These results are in agreement with previously reported in the literature, demonstrating the active uptake of other types of NPs through endocytosis [64] [65] [66] .
To further investigate the specific routes of uptake by endocytosis, we tested the contribution of macropinocytosis, early endocytosis pathways (clathrin or caveolae-mediated), and late endocytosis internalization. Late endocytosis refers to the endocytosis process in which late endosomes are involved. It's important to differentiate between early and late endocytosis due to several differences biological features, including Rab5 is exchanged for Rab7 in late endosomes and different inhibitors are specific for each phase [30, 31] . We found that macropinocytosis did not play a role in the uptake of anti-CD38 NPs. Rather, we found that the anti-CD38 NPs were uptaken through clathrinmediated and caveolae-mediated early endocytosis which progressed to late endocytosis and delivery of the NPs content into the cells (Fig. 7.B) . It has been previously characterized that after CD38 ligation to mAbs internalization through endocytosis pathways takes place, where specifically CD38 intracellular movements go from early endosomes to late endosomes [67] . Since the anti-CD38 chitosan NPs tested in our work have a specific surface functionalization, it is conceivable that they entered cells by a receptor-mediated endocytic pathway.
Finally, the internalization through endocytic pathways of anti-CD38 NPs was correlated to the enhanced proteasome activity inhibition of these NPs in MM cells. Treatment of MM cells with clathrin and caveolae-mediated early endocytosis, or late endocytosis inhibitors (but not macropinocytosis inhibitors) significantly reduced the proteasome inhibition of BTZ-loaded anti-CD38 chitosan NPs (Fig. 7.C) . When BTZ is administered as a free drug, it penetrated through passive diffusion into MM cells as well as in normal cells, and inhibition of the different endocytosis routes did not induce any change in its ability to inhibit the proteasome (Fig. 7.D) .
The interaction between the proteasome and the endocytic pathway has been described before in the context of internalization and delivery of content of viruses such as Kaposi's Sarcoma-associated herpesvirus, influenza virus, and adeno-associated virus [68] [69] [70] . Furthermore, two recent papers have investigated the cytotoxic effect of NPs and their direct effect on proteasome activity. Phukan et al. have shown that high doses (1.0 μg/μl) of silica-coated magnetic nanoparticles were reported to be cytotoxic in neurons by induction of ROS generation and proteasome activity reduction [71] . Armand et al. have also shown that long-term exposure (2 months) of titanium dioxide nanoparticles to A549 epithelial alveolar cells modifies the cellular content of proteins involved in intra-and extracellular trafficking and proteasome activity + MM cells via the endocytic pathway (inhibited by 4°C incubation). Clathrin-(inhibited by chlorpromazine, chlorp.), caveolaemediated endocytosis (inhibited by nystatin) incorporated anti-CD38 chitosan NPs into early endosomes, which will be transformed into late endosomes (inhibited by EGA). Through both mechanisms BTZ is presented at a higher drug concentration to the proteasome based on higher availability of BTZ inside the cells through either diffusion from the anti-CD38 NPs that bind to the surface or the endocytosed anti-CD38 NPs. [72] . It is noteworthy that, BTZ-loaded anti-CD38 chitosan NPs bind to CD38 + MM cells, and BTZ can be released directly from the NPs attached to the surface and anti-CD38 NPs entered CD38 + MM cells via the endocytic pathway. Through both mechanisms BTZ is presented at a higher drug concentration to the proteasome in MM cells compared to the free-penetration by passive diffusion of the free drug to both MM and normal cells (a summary of that suggested mechanism is illustrated in the cartoon in Fig. 10 ).
Then, we tested the role of NPs drug delivery on drug resistance induced by the tumor microenvironment. We have previously reported that the tumor microenvironment (including CAM-DR and hypoxia) plays a crucial role in the resistance of MM cells to BTZ [53, 73, 74] . In this study, we found that BTZ-loaded anti-CD38 NPs proved to be more efficacious than free BTZ and overcame CAM-DR and hypoxia-mediated drug resistance (Fig. 8.A & B) . In addition, 3D culture systems are gaining strength as in vitro systems to assess and predict drug sensitivity in myeloma [20, 75, 76] . Therefore, we used a relevant 3D model made from bone marrow supernatants of MM patients, which recreates the tumor microenvironment, to evaluate NPs as drug delivery systems and predict better the in vivo performance of NPs. The 3DTEBM model corroborated the increase cytotoxicity of anti-CD38 chitosan NPs on MM cells relative to free drug and allowed to corroborated co-localization of the NPs in the MM cells (Fig. 8.C & D) . These results establish the significance of targeting MM cells as well as their interactions with the microenvironment in the design of more effective novel therapeutic approaches. However, it is important to mention that both BTZ-loaded chitosan NPs (anti-CD38 chitosan NPs and non-targeted chitosan NPs) were equally effective in vitro increasing cytotoxicity, apoptosis, and overcoming drug resistance, unless a 2 h pulse (where the binding/ uptake of both NPs was different) was used in a 48 h toxicity assay, where we indeed detect differences and BTZ anti-CD38 NPs were more potent than non-targeted NPs (Fig. S5) . This is most likely due to the long incubation periods needed for the cytotoxic effects in vitro, which eliminates the kinetic advantage of the binding/uptake of the anti-CD38 NPs over the non-targeted NPs in the in vitro stationary system. This is in the contrast to the in vivo system where the fast binding/ uptake kinetics is crucial, due to elimination of the unbound particles.
Indeed, anti-CD38 NPs were further supported in the in vivo studies which demonstrated that although both NPs were equally effective in vitro, the anti-CD38 targeted NPs had a markedly improved tumor growth inhibition, improved overall survival, and reduction of side effects compared to the non-targeted NPs (Fig. 9 ). For our in vivo study, we used the MM.1S injected model to develop MM-bearing mice with tumors mainly in the bone marrow recreating the pathophysiology of the disease including the BM microenvironment; with the treatment performed once a week at a dose 1 mg/kg BTZ intravenously similar to human clinical protocols. In vivo, the BTZ-loaded anti-CD38 NPs were more efficacious in delaying tumor progression in the BM and circulating tumor cells, improved overall survival, and reduction of systemic side effects measured by body weight loss compared to non-targeted chitosan NPs and free drug, and lower toxicity such as hair loss (Fig. 9) , with no histological toxicity in any the organs.
The major limitation of our studies was than although anti-CD38 chitosan NPs were able to show significant inhibition of tumor growth and improved overall survival compared to free drug, the results could be improved. It should be taken into consideration that due to the low toxicity of the BTZ-loaded anti-CD38 NPs, higher doses could be used in future experiments to achieve a better tumor growth inhibition and overall survival, as well as, initiate treatment at earlier times points to improve therapeutic outcome.
While this study focuses solely on the encapsulation of BTZ into anti-CD38 chitosan NPs, the methodology presented could also be applied to other therapeutic or diagnostic molecules, especially other proteasome inhibitors for improved efficacy and safety profile.
In conclusion, we have developed and characterized anti-CD38
chitosan NPs for the delivery of BTZ in MM showing preferential BTZ release in tumor-microenvironment, specific binding to MM cells, and an improved drug cellular uptake through BTZ diffusion from the surface and endocytosed NPs, which translated in enhanced proteasome inhibition and robust cytotoxic effect on MM cells. Furthermore, the anti-CD38 chitosan NPs specifically delivered therapeutic agents to MM cells improving therapeutic efficacy and reducing side effects in vivo. We also report the enhancement of the efficacy and specificity of proteasome inhibitors due to higher accumulation of BTZ through BTZ diffusion from the surface and endocytosis-driven delivery of NPs. The findings in this manuscript are the basis for a provisional patent application, an IND application, and future clinical trials to test the BTZloaded anti-CD38 NPs as a novel therapeutic approach in MM. Supplementary data to this article can be found online at https:// doi.org/10.1016/j.jconrel.2017.11.045.
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